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An explosion in a separations facility in Tomsk, Russia, has raised questions about the safety of similar DOE facilities. These safety concerns led to research to determine the boundary conditions for safe operation of evaporators and tanks that contain both TBP (tributylphosphate) and HNO, (nitric acid) . The present work focuses on determining the heat balance (heat produced minus the heat lost from evaporation) of a TBP/HN03 solution of a given geometry and size at elevated temperatures.
Experimental data has been acquired using an isothermal calorimeter' and a heat balance calorimeter. This data has enabled the calculation of the Net Heat produced per unit volume of reacting solution versus time for varying conditions. Analysis of the resulting solutions, condensates, and off-gas products has allowed mass, charge, and electron balances and the determination of the overall reaction stoichiometries. A subtask, led by J.E. Laurinat, determined the dispersion coefficients for gas bubbling transfer of water and butanol between the two phases2.
Rate expressions were derived for the reacting systems and then fit to the data to determine the rate constants for the various physical processes affecting the Net H e a t of the reacting solutions. These expressions and constants were then used to extrapolate beyond the experimental conditions. Isothermal Calo rimeter A simple isothermal calorimeter was designed, Figure 1 , and constructed to determine the net heat production rate h m the reaction of TBP and nitric acid solution mixtures (including two-phase systems) up to 125OC. The calorimeter was designed to contain up to a total of 100 ml of solution. Estimates had predicted a net heat production rate of between 0.1 and about 5 watts for a temperature range of 80 to 125OC. Early calibrations had determined the sensitivity to be about f0.2 watts-for 50 ml of solution in this heat output range3. At ll0"C the heat production rate was expected to be about 2.5 watts giving a precision of < f101. The calorimeter was constructed in a cylindrical geometry allowing change of the reaction solution volume without changing the surface area for evaporation. This was expected to enable separation of the heat production and heat loss components.
The isothermal calorimeter was calibrated by balancing the heat input of a precision resistor w i t h a Peltier device. The heat pumped out of (or added to) the solution in the reaction chamber is proportional to the current flowing through the Peltier. This limited the amount of water and nitric acid loss due to evaporation and also allowed heat output measurements just after the onset of oxidation (visibly observable by the venting of brown NO2 fumes). The heat released or absorbed by the reaction was measured by recording the current supplied to the Peltier to hold the temperature constant at the calorimeter housing temperature. At least three thermocouples were being used and cross referenced during an experimental run. Two temperature measurements were taken of the Calorimeter housing (both resting on the brass plate, Figure 1 ). One thermocouple was used for input to the temperature controller. Another thermocouple gave a reading of fO. l0C and was used to match the reaction solution temperature(s -if two phases). A third thermocouple (and sometimes a fourth) measured the temperature of the reaction solution, fO. 1OC. All thermocouples and thermometers used for measurements were checked for linearity and calibrated against a Kessler "calibrated " thermometer (S.N. 46691).
The gases released from the reaction solution are vented to atmospheric pressure through a 0.025 inch diameter restriction. The vented gases then entered either a dry-ice or an ice-water trap to condense out the low boiling point products. Due to concern for overheating by an acidbase reaction, no base w& added to this trap as described in the Task Plan3. It was found that at ice-water temperatures the pressure produced by HN02 in the trap was manageable during sample prepadon. The noncondensable (and insoluble) gas products were then transferred to an inverted burette system. This allowed the capture and production rate measurement of gases such as N2, NO, and CO,. Heat Balance Calorimeter Measurements with the isothermal calorimeter (Runs 1 through 13) determined that a twolayered (organic and aqueous phase) reaction system was net endothermic. This brought out the question of the endothermic character of the organic phase with respect to increasing organic layer thickness. A nearly two foot tall dewar reaction vessel was designed and constructed and placed in an elevated temperature bath. The top portion of the dewar vessel was wrapped with glass wool, for insulation, and then surrounded with a plastic wind guard. The system, Figure   3 , was designed to perform as a "heat balance" calorimeter. A nichrome wire (in Teflon@) heater was placed in the aqueous phase of the reaction solution to compensate for thermal heat loss from the system and to imitate the heating coils of an evaporator. A thermocouple was placed in each of the reacting liquid phases. Using an aluminum nitrate solution, the temperature bath could be heated to above 115OC. The bath solution level was maintained at the Same height as the initial reaction solution level to minimize heat transfer from the reacting system. The system was vented through a 0.116 inch diameter restriction.
The system was conservatively calibrated by placing 279 ml (4 inches) of a solution The approximately four feet of nichrome wire was coiled and completely submerged in the aqueous phase. The ends were twist joined to two copper wires, one on each end, each also with about four inches submerged in the aqueous phase. The copper wiring then extended upward and out through a seal at the the top of the calorimeter housing. All of the wiring in contact with the reaction solution or vapors was sealed in a Teflon@ tube. A negligible amount of the power should have been dissipated in the copper portion of the wiring. Boiling of the solution started at 114OC. The boiling point gradually increased and, after 34 minutes, had reached 118.3OC, by which time 33.7 ml of solution had condensed in trap). After evaporation of this much water the gas space in the reaction chamber, about 1300 ml, should have been completely purged of air. The solution was allowed to cool to 115OC, the same temperature as the bath. The bath solution level and the solution in the reaction chamber were nearly the same. The pgwer needed to hold the temperature at 115OC was 6.79 watts.
The above calibration should have been conservative with respect to the experimental runs for a two reasons. The height of the reacting solutions was higher, reducing the swface area for condensation heat loss. During experimental runs the system was Constantly purging the gas space of any cooled gases because of the relatively large production rate of noncondensable gases. Especially because of this last factor the heat lost from the surface of the reacting solutions was probably negligible. Refluxing was not observable during the experimental runs.
Except for the heat lost with the vented gases, which was desired, the reacting System W a s always conservative with respect to heat loss because the bath was always maintained above the temperature of the reacting solutions. Performance of the heat balance calorimeter experimental runs was similar to the isothermal runs. The bath was preheated to 115OC and the two phases (aqueous and organic) were added simultaneously. In two of the three runs the nichrome wire was used at times as a heater. In general the most important data were the equilibrium temperatures of the two phases with respect to each other, the temperature of the bath, and the added heat (nichrome wire).
Collection and measurement of condensate and noncondensable gases was performed as in the isothermal runs.
RESULTS AND DISCUSSION
Isothermal calorimeter (Runs #1-13)
Single Phase (Organic); There were a total of 9 successful single phase (organic) experimental runs performed at varying concentrations and temperatures. A total of 10 runs under varying conditions was originally mapped out to cover a wide range of conditions. The conditions covered the temperatures 85, 110, and 125OC; the contacting nitric acid concentrations 5 , 10, and 15.9M; 50 and 100 ml of solution (to vary the volume to surface area ratio); and one run purged with 460 ml/minute of helium gas. This original plan was changed as the experimental results were obtained and a better understanding of the system was developed. The conditions for the single phase runs are included in Table 1 .
A plot of the heat output versus time for runs performed at 1 10°C, 1OM HNO, contacting solution, and normalized to 100 ml is shown in Figure 5 . This plot shows an initial endothermic heat for some of the runs. This endothermic character is attributed to evaporation of water and nitric acid which are in relatively high concentration early in the run. A long heat-up time could account for the initial exothermic values measured for other runs. The experiments continued until the heat output began to decrease. Each run would have had to continue for more than eight hours to be completed. Stopping at the peak of heat output limited the duration of some runs to a few hours. The peak heat output for the runs 2 and 5 through 8 give a value of 0.72 f0.32 watts (at 95% conf. limits). Since the balancing heat by the Peltier is dependent on sensing a temperature change in a given time frame the sensitivity of the calorimeter for 100 ml is percentage wise only as good as for 50 ml. This heat output was lower than expected and resulted in canceling the runs to be performed at 85OC. There was no correspondence found between volume and surface area, run #5 . This was later attributed to miXing caused by product bubble formation when it as found that stirring had no effect on the peak heat output eithe, run #8. Purging the reaction vessel gas space with a helium purge of 460 dminute may have slightly reduced the peak heat output, run #lo.
A plot of the heat output-versus time for 100 ml of TBP saturated with 10M HNO, Figure 6 . Even though the variance in heat output per run is about f.4 watts, as can be see& this plot the variance per data point is much lower in an individual run. This is because much of the error in heat output measurements from run to run is due to factors such as matching the temperature in the reaction solution chamber with the temperature of the isothermal calorimeter housing. The half-life for the reaction, due to the combined loss of nitric acid from the reaction and evaporation, at 124OC is about 100 minutes.
The total "Net Heat" released for run #11 was 5500f 1500(27.6%) dories with a peak net heat output of 2.6&.3(11%) watts.
A plot of the off-gas rate versus time for run #11 is shown in Figure 7 dong with runs # 3 through 8, all normalized to 100 ml of solution. Notice how the second order curve fit to the run #11 data is shaped like the heat release data shown in Figure 6 . When the relative initial reaction rates for the various reaction conditions are approximated by the off-gas rates at zero minutes, the nitric acid dependence of the reaction rate, Figure 8 , and the activation energy, Ea, can be determined. At time zero, the nitric acid concentrations were considered to be those predicted by the saturation of TBP with varying concentrations of nitric acid4. The average offgas rate at time zero for runs # through 8 was 5.62 mVminute5. The off-gas rate for the 5M HNO, and 110°C condition was assumed to be similar to its peak at 180 minutes, 3.60 d&., since the reaction was slow to get$arkd. The off-gas rate at 124OC was 18.06 ml/minute giving --
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Pg lOof45 a rough estimate for E, of 23.2 kcal/mole with a frequency factor of 1.35E15 s-l ' . This compares to a value of an Ea of 26.8 kcal/mole with a frequency factor of 4.3E10 s-l determined by Nichols6. The condensation rate for run #11 is shown in Figure 9 . The filled circles show the condensation rate during heat up and prior to reaching 124OC. Much of the water was lost before heat output measurements could be taken, resulting in strong exothermic behavior from the very beginning of the measurements.
Two-Phase (Orzanic and Aaueous) ; Two runs (#12 and 13) were performed in the isothermal calorimeter with both organic and aqueous phases present. Both runs used an organic layer produced by saturating TBP with 10M HNO, solution. In each case a total of 100 ml of solution was utilized with 25 ml and 50 m l of "fresh" 10M €€NO, solution being used as the aqueous phase in the runs respectively. The two runs were performed either with only sufficient stirring to help transfer heat from the Peltier (#12) or without stirring at all (#13). In each case, once oxidation had begun in both phases, the reaction system became net endothermic. This was partially due to the lowering of the boiling point in the aqueous phase by butanol produced from hydrolysis of TBP. A plot of some of the reaction characteristics for run #13 is shown in Figure  10 . An input power of 2.94k0.3 watts was needed to hold the aqueous phase temperature at 110Oc. Runs #3, 5 , 1 1, and 13 were performed in sufficient detail to perform mass (carbon and nitrogen), charge, and heat balances, Tables 2-5. The balance of carbon and nitrogen was determined by analysis of the initial and product solutions and gases3. An ice water bath was used in the condensate trap and was reasonably efficient at trapping condensables and NO2 (visually the brown NO, fumes were removed from the gas stream at the condensate trap). The Tables 2-5 , are from analysis of the 1250+ 10 rnl of solution used to trap the captured gas in the inverted burette. Missing material was attributed to solution left in the reaction vessel and held up in the transfer tubing between the traps (this should only account for a few percent). Analytical error was probably the main source of error which is typically f 10% per analysis3. Looking at Run# 13 in detail, Table 5 ; the carbon and nitrogen balances are 107.0 and 107.2% respectively. The carbon balance is a sum of the total organic carbon (TOC) results, adjusted to equivalent moles of TBP, and the CO, and CO results. The charge balance shows that 0.125 moles (45.3%) of equivalent charge of oxidized (organic) species are missing. This is because no analysis was performed to determine the quantity of product carboxylic acids or other oxidized species in the resulting solutions. The stoichiometry for the net oxidation reaction was determined by simultaneously balancing the charge of the reduced and oxidized species; the ratios of acetic, propanoic, and butyric acids; and the heat addition and loss from the Peltier, oxidation reaction, TBP hydrolysidesterifiation, and component evaporation. The experimental data was used to set the stoichiometry for the reaction. The moles of C02, co, N20, N2, €€NO,, NO, and Norwere held constant at the experimentally determined values for -.. Heat o f E s t e r f i c a t i m = 0.000 c a l / m l e b u t y l n i t r a t e P e l t i e r Reaction Esterf ic. Evaporation Should Heat Figure 10 . Table 6 lists the resulting stoichiometries from Tables 2-5. Formic acid should be very unstable under these strongly oxidizing conditions. The nitrous acid (nitrite) observed in the condensate trap was assumed to be released from the reaction solution as
The total volume of condensable material trapped during the time period for the heat balance calculations was 22.0 ml. The heat lost Erom evaporation of reaction products was negligible. The resulting volume was separated into aqueous and organic volumes (defined by the condensate TOC; Table 5 ). The HNO, observed in the condensate was a product of evaporated €€NO3 and released NO2, reactions (la and (lb). in the aqueous phase. Note how after bubbling started in the aqueous phase (filled circles), the temperature in the organic phase started to mirror the aqueous phase minus a few degrees. This is probably due to mixing of the solutions at the interface.
--. Aqueous Thickness Ratio (onedimensional reaction system) versus the Total Off-Gas Rate for runs #12 through 16 is shown in Figure 13 . There is no noticeable dependence on [HN03] in the range 6 to 10M (aqueous phase, the organic phase should be saturated with the respective aqueous phase). This plot points out that the oxidation rate in the aqueous phase is mass transfer limited. In other words, the rate is limited by the production and transfer, through the interface, of water soluble oxidation products, such as butyric and propanoic acids, in the organic phase. The total off-gas rate increases almost linearly up to an organidaqueous ratio of about two. It then quickly levels off probably due to a limited oxidation rate in the aqueous phase.
Water I H 2 a The oxidation rate can depend on the W,O] by affecting either the production of the primary oxidant, NO,8*', or the production of fuel, butylnitrate. Figure 13 shows that the oxidation rate is mass transfer limited in the aqueous phase for this reaction system. There was no noticeable dependence on the [H20] for oxidation in the organic phase (the data was fit by the rate expressions well with the dependence assumed zero order). 
A plot of l/k versus gives a straight line with a slope of lla and an intercept equal to b/a.
This was performed with the data from run #4 with the results as3.54E-3 mi n" and b=2.86
litershole. Using these numbers the off-gas rate for 10M MN03 contacted TBP (runs 6 8 ) should be about twice that for run #4 at 15 minutes time in Figure 7 (first data point for run #4).
As can be seen not any data points from runs #5-8 were at about 2.5 d m i n at 15 minutes.
..
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Statistics thus rules out this being a low putn] effect. For extra verification a calculation was made of the off-gas and Net Heat output profile versus time for TBP contacted with 10M HNO, and assuming that the oxidation rate was first order in putn] (in the Same manner as will be discussed in the "Reaction Rates and Constants" section). The plot of this calculation is shown in Figure 14 . The Net Heat curve looks generally correct but the off-gas rate doesn't resemble the data from runs #5-8 (Figure 7) . The conclusion is that the oxidation rate is pseudo-zero order in Dutn] down to at least about 0.1M [Butn] . During the performance of run #4 it was suspected that the slow build-up in the off-gas rate was caused by a relatively long induction period due to the low [€€NO3] in the organic phase, -2.6M. An induction period is sometimes observed with oxidation by nitric acid because of its' autocatalytic natureg.
Cooliog By Forced Evaporation
The net endothermic character early in some of the single phase runs and for the duration of the two-phased runs led to the conclusion that the gaseous products formed during the oxidation (CO,, CO, N2, N20, etc.) were forcing the evaporation of the volatile components (such as H,O, HNO,, and butylnitrite) into the newly created gas space. This forced evaporation caused cooling that at times more than matched the heat produced from oxidation. The evaporation rate of the volatile components should be fast at temperatures near 100°C, allowing the assumption that near partial pressure equilibrium is attained in the gas space before the bubbles escape. The amount of forced evaporation per unit of product gases generated was expected to be proportional to the total partial pressure of the volatile components and also related to the total pressure of the system. The ratio of the moles of volatile components forced out to the moles of gas produced should increase dramatically as the boiling point of the reacting solution is approached. The mole ratio of water evaporated to product gases released, Qw, from solution is given by where ppw is the partial pressure of water for the liquid phase in question, Pt is the total pressure of the system, and PVC is the combined partial pressure of the volatile components. This is because Pt-PVC is the .combined partial pressure of the product gases. If the product gas production rate is known (or can be calculated) then the rate of water evaporation is directly proportional. The evaporation rate of the other volatile components is related to the oxidation product noncondensible gases in the same manner.
Equation (4) is a simplification which says that as PVC approaches Pt, %w approaches infinity. This approximation fits the data reasonably well to within a few degrees of the boiling point. The mole ratio of condensate trapped to moles of noncondensable product gases generated is plotted in Figure 15 for runs #13-16. For Figure 15 the exact boiling points were unknown, due to the build-up of volatile components such as butylnitrite, but were expected to be around 114OC. The two curves have the shape expected for noncondensible gases being generated in 10M HNO,. Run #14 was heated, -70 watts, for a prolonged period prior to the acquisition of these data points, which accoXmts -for the curve being shifted right in Figure 15 since the Pg 19of45 solution should have a relative higher boiling point. For both runs #13 and 15 the maximum temperature was 1 10°C arid both sets of data fit around the dashed curve. The lone data point from run #16 resulted from a solution that had a maximum temperature of lO3OC and was shifted the most left. Figure 15 shows that the mole ratio of condensate to product gas can be as high as 28 (this also supports the assumption that the volatile components are reaching near equilibrium with the noncondensible gases produced from the oxidation before escaping the solution).
This ratio increase near the boiling point should result in more net cooling per unit solution volume per unit of oxidation product gas generated. Figure #16 shows a plot of the net cooling rate as a function of temperature for runs #12-16. The solutions (aqueous and organic) in all of these runs should have had a boiling point near 114OC. Note how the cooling rate of the solutions increase near the boiling point.
REACTION RATES AND CONSTANTS
Single Phase (Organic)
In order to extract the respective rate constants for the many physical and chemical processes affecting the concentrations of the various components, time dependent solutions were found for the differential equations governing the major chemical players. Since a run-away reaction in the organic phase is the main concern, the differential equations for nitric acid, water, and butylnitrate were derived for the organic phase (butanol should form the nitric acid ester at high nitric acid concentrations*). For a single phase system where the concentrations of water and butylnitrate stay relatively low compared to the nitric acid concentration the approximating equations are, for nitric acid where n1 and n3 are the rate constants for oxidation and hydrolysis respectively, g is the production rate of noncqndensible gas per liter of solution normalized to 1M HN03 (6.25E-4 min" at 110°C (approximated from runs #5-8), Ns is the saturation concentration of nitric acid in the TBP after contact w i t h nitric acid solution4, Pt is the total pressure of the system, and PVC is the total partial pressure of the volatile components (mainly due to nitric acid, water, and butylnitrate). The second term defines the amount of nitric acid forced to evaporate by the oxidation production of noncondensible gases. Since the activities of the components should be the same in the two phases (organic and aqueous) at equilibrium the partial pressures of nitric acid, water, and butylnitrate in the organic phase at saturation; pm, p,,, and pbs, should be approximated by their pressures in the aqueous phase4. Since butylnitrate is mutually soluble in TBP its partial pressure is defined using Raoults' Law. Therefore @ns/(Ns[Pt-PVC]))[HN031 gives the mole ratio of nitric acid evaporated per unit volume of noncondensible gas produced ((pns/N&m03] gives the partial-pressureof HN03). PVC is given by
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Pg 20 of 45 where Ws is the saturation concentration of water in TBP saturated with a specific concentration of nitric acid solution. Pure butylnitrite has a molar concentration of 8.84. Integrating and for wo3] the solution is where PVC,,, is the partial pressure for "just" Ntric acid and butytnitrate and w2 is the oxidation production rate of water (using g and Table 4 ). Letting Ipt-(PVCn,,)] = PT the solution is5
An iterative method was used to solve for m20] since it was algebraically inseparable! butylnitrate For b, and b3 are the esterfiation production and oxidation loss rates respectively. The second term gives the evaporation loss rate as described above. Letting g@b$(8.841p,-PVC])) = b, the solution is5
A 2.43(c'-110)'10) factor is used (defined by Nichols' dad, \=26.8 kcal/mole) to approximate the change in rate for the rate constants affsted by temperature (8, nl, n3, w2, b,, and b3) when the temperature changes from 1 10°C (the temperature at which most of the data was acquired).
A simultaneous fit to runs #5 and 11 is shown in Figures 17 and 18 .
Pg 2 1 of 45 min-' respectively. n3 and b, were equivalent and determined using Nichols' hydrolysis rate6 and assuming that the rate of hydrolysis decreases proportionally with the number of phosphatebutanol ester groups available in the organic phase (DBP and MBP as well as TBP), giving (using) on average a hydrolysis rate constant of 1.25E-3 min-' for the calculation. PVC and PVC,,., were approximated during the calculations using the same assumptions described earlier and chosen to match the total pressure due to the volatile components at the peak heat output; these two values typically dropped from about 600 to 450 mm Hg during the course of the simulated reaction.
The observed WO,] for run #5, Figure 17 , was lower than that predicted in the calculation probably because of it being in equilibrium with its reduction species (in other words it is reduced by NO). The mutylnitrate] is probably high because of hydrolysis after completion of the reaction but before analysis, HNO, reduction products Seem to accelerate the hydrolysis of TBP6**. The maximum calculated Net Heat was about 6.5 wattdliter for run #5 which compares well with an average of 7.2f3.2 wattdliter for runs #5-8. The calculated off-gas rate generally fits the data. The fit to run #11 was more revealing because the reaction was performed to near completion. Once again the [HNO,] was low and the [butylnitrak] slightly high, both probably for the same reasons. The calculated off-gas rate fits the data well. The calculated Net Heat gave a value much too high at the end of the reaction until it was assumed that 1/2 of the calculated butylnitrate was reduced to butylnitxite. Butylnitrite was observed by analysis for some of the runs but should be very sensitive to air oxidation in acid solution, similar to nitrous acid. Butylnitrite has a much higher partial pressure, b.p.= 7 7 . 8 ' C , than butylnitrate, b.p. = 135SoC, and is probably the source of the butanol compounds found in the condensate (it may also have been the source of the nitrous acid, blue in color, in the deep blue condensate).
Two Phase (Organic and Aqueous)
Even though a two phase (aqueous and organic) oxidizing system has more modes for interaction, in many ways the system is simpler to model mathematically. This is because rapid transfer of material between the two phases due to bubble-induced mixing at the interface causes the reagent concentrations to stay nearly constant or to rapidly reach an equilibrium concentration. .
where He, H?, and m are the heat of esterfkation (near zero), oxidation, and a proportionality constant relatmg the heat per unit off-gas respectively. ppn and ppb are the "actual" partial pressures of HNO, and butylnitrate. The other terms are as defied earlier. The constants were chosen to give heat in watts.
For a two-phase system at equilibrium the m20] in the organic phase is5 where the first constant converts g to the velocity (ml/mincm2) of noncondensible gas produced from one foot of aqueous phase. The value of g, as mentioned earlier, is already been corrected for a change in temperature (for calculation of V , , the temperature of the aqueous phase should be used). Only water and HNO, are employed for the total partial pressure of volatile components, PVC,,,, since the organic compounds in the aqueous phase are oxidized quickly and should therefore be low in concentration. P, is the total pressure at the interface, includes the atmospheric and organic layer weight components. The 1 factors in the noncondensible gas contribution to the gas velocity since the last part of this term relates only the vola'de components contribution.
By incorporating equation (13) and (16) into equation (15) an approximate height can be determined for a given set of conditions (including Net Heat for the organic phase). The results of such calculations are given in Table 7 . The first two calculations (rows) in Table 7 represent actual experimental data from runs #16 and 13 respectively. The partial pressures for the solution components were approximated as described earlier. The partial pressure used for butylnitrate and nitrite was approximated assuming the molar concentrations were equivalent. This combination gives the best fit and this assumption is on average supported by the experimental data. For runs #16 and 13, P, was set to the ambient pressure (760 mm Hg), this assumed that partial pressure equilibrium was obtained between the liquid and gas phases. Table 7 . The temperature used was chosen to give a condensate to off-gas mole ratio of 28, which was the highest observed experimentally, Figure 15 . This ratio represents a solution temperature about one degree Centigrade below the boiling point. This ratio is physically limited by the inability of the volatile components to maintain partial pressure equilibrium in the generated gas bubbles at high oxidation rates. The limit of this ratio was not measured, in fact it might reach well above a hundred, but the value of 28 will be used as a conservative limit. Since the boiling point of 14.3M HNO, solution is about 122OC, the maximum height, h, is calculated at a temperature of 12loC (-730 mmHg partial pressure), this automatically sets the mole ratio to 28. The ratio defined by P , at the interface will be much smaller. To be conservative [Butn] was set to zero. The partial ressures for H20 and HNO, were approximated to be 508 and 226.4 mm Hg respective18 The saturation concentrations of H20 and HN03 in TBP saturated with 15M HNO, is 1.78 and 5.39M respectively4. An amount of pressure (25 m m Hg) equal to one foot of organic phase, density 1.0955 grams/liter4) was added to the ambient pressure to obtain P,, accounts for incomplete saturation of the volatile components, being conservative. The full weight of the organic layer was added to the ambient pressure to get Pti. The calculated worst case value of 12.2 feet is conservatively low for another reason not mentioned earlier. The temperature of the aqueous phase was experimentally found to hover about one degree Centigrade above the organic phase temperature. This is probably due to a much larger concentration of butylnitrite in the organic phase than in the aqueous phase since it is susceptible to hydrolysis, producing butanol and nitric acid, in the aqueous phase. Butylnitrite has an appreciable partial pressure at these elevated temperatures (b.p. 77.8OC) and will therefore contribute strongly to the total pressure of the volatile components and therefore evaporative heat loss. The temperature of the organic phase might be lower if not held up by coupling with the aqueous phase (heat/mass transfer due to bubble mixing at the interface). A correction in the temperame would increase V , in favor of better cooling since the temperatures were assumed equivalent for the calculations.
CONCLUSIONS
These calorimetry studies have determined that the heat released per unit of butylnitrate (nitrite) oxidized and the oxidation rate is less in an open system than in a closed "presswized" system6. This is due mainly to a lower solution concentration and reduced utilization of the HNO, reduction products, whicwe also oxidants. The oxidation rate was approximated to be The overall stoichiometry was found to be similar for a single (organic) and twolayered (organic and aqueous) system which means that the heat produced per unit of fuel oxidized is also the same. The oxidation was found to be first order in nitric acid in the organic phase and pseudo-zero order in butylnitrate and water. Oxidation in the aqueous phase was found to be mass transfer limited at low organic to aqueous height ratios, below a ratio of 4. The esterfiation (hydrolysis) rate determined by Nichols' (1.33E-3 min-') was found to fit the experimental data from this work well and was used in the single layer calculations. The Net Heat for the system is dependent on the water content of the solution (and to a lesser degree on other volatile components). As the oxidation product gases start to form the volatile liquids in the solution evaporate into the gas space maintaining their partial pressures.
This forced evaporation is a cooling mechanism which can more than balance the heat from the oxidation reaction. The Net Heat, therefore, can be endothermic resulting in the solution cooling down under its' own power. For a two layered system the net endothermicity is maintained by mixing of the interface by gas produced from oxidation in the aqueous phase.
Calculations give a conservative upper limit for the maximum organic thickness supported by one foot of "reacting" aqueous phase consisting of 14.3M HNO, at 121' C of 12.226.0 feet. This temperature (121OC) and acid concentration (14.3M) for the aqueous phase, in combination, define the worst case scenario for the calculations. Mixing at the interface, caused by bubbles formed from oxidation in the aqueous phase, was found experimentally and through calculation2 to maintain the reactants near the saturation limit. The actual supportable height is probably more than double this conservative value. Oxidation in the organic phase alone does not produce sufficient transport of water from the aqueous to the organic phase to maintain net cooling in the organic phase2. If oxidation isn't occurring in the aqueous phase, the organic phase could lose water and heat up (if loss of heat to the environment by other modes won't make up for the heat released from oxidation in the organic phase).
If the pressure in a reacting system is allowed to increase (say due to insufficient venting) the temperature of the organic phase would increase in temperature in an attempt to reach a new equilibrium. The rate of oxidation would increase not only due to the increase in temperamre but also from the increased concentration of dissolved HNO, reduction productsg. Another complication factor is that the cooling system described in this work is rapidly reduced by an increase in the total pressure. These factors probably contributed to the explosion at Tomsk. ' .
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